Heavy metals were bioleached from municipal solid waste incineration fly ash by Aspergillus niger (AS 3.879) using one-step and two-step bioleaching. The pH variation, organic acids, and metals concentrations, as well as the metals extraction yield of these two processes were compared. The maximum metals extraction yield was obtained in one-step bioleaching of 20 g/L fly ash, where 98.7% of Mn, 87.6% of Cd, 69.7% of Cu, 68.5% of Zn, 42.1% of Cr, 31.7% of Fe, and 36.5% of Pb were extracted; meanwhile, the pH decreased to 3.03 and the fungus secreted 36.6 mmol/L gluconic acid after 336 h. The results indicated that one-step bioleaching was preferable for the treatment of fly ash at low concentrations (10-20 g/L). Two-step bioleaching was appropriate to detoxify the fly ash at high concentrations (40-50 g/L) because A. niger grew and generated 33.9 mmol/L gluconic acid even at 50 g/L fly ash in two-step bioleaching compared to the fungal growth only observed at 10-40 g/L fly ash in one-step bioleaching. The gluconic acid was determined as the major leaching agent both in one-step and two-step bioleaching. In addition, the TCLP tests results of the bioleached fly ash showed that the leaching toxicities of the treated fly ash were far lower than the regulated levels of China.
Introduction
T HE MUNICIPAL SOLID WASTE INCINERATION (MSWI) fly ash was listed in hazardous waste due to the leachable toxic heavy metals that concentrated in the ash. Therefore, the MSWI fly ash must be detoxified or stabilized before the landfill or reuse. The conventional methods such as solidify treatment, thermal treatment, and chemical leaching were used in the detoxification of the ash (Tateda et al., 1998; Zhao et al., 2002) . However, they had some disadvantages of high cost, the potential toxicity of the byproducts, or the recontamination of the chemical reagents (Wu and Ting, 2006) .
In recent years, the biohydrometallurgical approach was utilized in the solid waste treatment and was also called bioleaching technology. The main mechanisms of this "green technology" were acidolysis, redoxolysis, complexolysis, and bioaccumulation, which occurred from the microbial metabolites and biomass with the heavy metals in solid waste (Bosshard et al., 1996) . The leaching process is mainly the reaction of an oxide with protons. The acidolysis reactions of organic acids (A nϪ ) with metal oxides (M 2ϩ symbolized as the bivalent metal ions) in fly ash could be described as follows (Castro et al., 2000) :
Aspergillus niger was used in the bioproduction of citric, oxalic, and gluconic acids in industrial fermentation. The bioproduced organic acids (e.g., citric acid, gluconic acid) have a variety of uses in food (e.g., acidifying agent), pharmaceuticals (e.g., acidulant and antioxidant), and industrial fields (Grewal and Kalar, 1995; Roukas, 2000) . The fungi strains for commercial production of organic acids (such as the A. niger strain used in this paper) were safe to human beings (Schuster et al., 2002) . The bioleaching of valuable metals (e.g., Al, Fe, Cu, and Zn) from low-grade nonsulfidic ores, mineral tailings, and industrial wastes using A. niger were reported and attained satisfactory results (Castro et al., 2000; Mulligan et al., 2004; Aung and Ting, 2005) . Bosshard et al. (1996) studied the bioleaching of MSWI fly ash using A. niger, and demonstrated the applicability of this approach in detoxification of fly ash. Ting et al. compared the bioleaching and chemical leaching of fly ash and optimized the influence factors by using composite central design (Xu and Ting, 2004; Wu and Ting, 2006) . The previous studies indicated that the bioleaching process could be achieved in two ways: (1) one-step bioleaching, that is, incubating A. niger with fly ash at the beginning of the bioleaching, and (2) two-step bioleaching, that is, preculturing A. niger for a few days before adding the fly ash into the culture medium (Wu and Ting, 2006) .
The objective of this study is to compare the one-step and two-step bioleaching of MSWI fly ash using A. niger. The pH values, concentrations of extracted heavy metals, and organic acids were measured. The metals extraction yield was thereafter calculated and compared between the one-step and two-step bioleaching.
Materials and Methods

Characteristics of MSWI fly ash
The fly ash in this study was collected from the hop-pocket dust catcher of a municipal solid waste incineration plant with a capacity of 300 t/day, located in Zhejiang province, China. The flue gas was treated with lime powder. The fly ash was homogenized and dried in an oven at 105°C for 24 h before use. The fly ash component was analyzed using X-ray fluorescence (XRF, SHIMADZU XRF-1700). The metal composition was analyzed using inductively coupled plasma optical emission spectrometer (ICP-OES, Perkin-Elmer, Norwalk, CT, Optima 5300V) after the fly ash was total digested according to U.S. EPA SW-846 3050B method (U.S. EPA, 1996) . The acid neutralizing capacity (ANC) was also measured according to EA NEN 7371-2004 method (EA NEN, 2005 . Toxicity characteristic leaching procedure (TCLP) tests were performed according to SW-846 Method 1311 (U.S. EPA, 1998) on the fly ash before and after one-step bioleaching process using TCLP extraction fluid 2# (pH 2.88 Ϯ 0.05). The TCLP extract was analyzed using ICP-OES after filtering through 0.45-m glass fiber filter. The component and metal composition of fly ash were listed in Tables 1 and 2, respectively.
As shown in Table 1 , the two most abundant components in fly ash were CaO and SiO 2 , which was similar to the silicate structure of the metal oxide ores in nature. Metal elements mainly presented in metal oxides due to the strong oxidation atmosphere during the incineration at high temperature (Guo et al., 2005) . Table 2 showed that the most abundant metal element was Ca because of the addition of lime powder into air pollution control (APC) device for the reduction of HCl and SO 2 . Other major metals included Al, Na, and Fe, and main toxic heavy metals included Pb, Mn, Cd, and Cr.
Fungal strain and inoculum preparation
A strain of A. niger (AS 3.879) was obtained from China General Microbiological Culture Collection Center (CGMCC), Institute of Microbiology, Chinese Academy of Science. A. niger was inoculated on 3.9% (w/v) potato dextrose agar (PDA) at 28°C for 6 days. The mature conidia were washed off from the surface of the PDA medium with sterilized deionized water. The number of spores was counted using a hamocytometer and adjusted to approximately 2.2 ϫ 10 7 spores/mL.
Bioleaching experiments
Bioleaching experiments were carried out using 250 mL Erlenmeyer flasks in 100 mL of bioleaching medium. The bioleaching medium included (g/L): sucrose (100), NH 4 Cl (4), KH 2 PO 4 (0.5), MgSO 4 и7H 2 O (0.025), KCl (0.05). Two series of experiments were performed: (1) 1 mL of A. niger spores suspension was incubated with 10, 20, and 40 g/L fly ash in one-step bioleaching; (2) 1 mL of A. niger spores suspension was precultured for 2 days in 100 mL bioleaching medium in the absence of fly ash and then added in 10, 20, 40, and 50 g/L fly ash (i.e. two-step bioleaching).
Two milliliters samples were taken by disposable sterilized pipettes at regular intervals. Subsequently, the volume was made up by sterile dionized water. Samples were cen-YANG ET AL. 784 trifuged at 10,000 r/min for 20 min and filtered through 0.45-m membrane filters before the following analyses: (1) pH values, (2) organic acids concentration, and (3) heavy metals concentrations in solution. The metals extraction yield was calculated as:
where C L is the metals concentration in bioleaching solution (mg/L); V L is the volume of bioleaching solution (L); C S is the metals content in fly ash (mg/g); M S is the fly ash mass (g). All reagents were analytical grade. The culture medium was autoclaved at 121°C for 20 min prior to inoculation. All flasks were sealed with four layers pledget and incubated under the condition of 30°C and 140 r/min. Each flask experiment was carried out in duplicate.
Chemical leaching experiments
The chemical leaching test with a strong acid (HCl) was conducted in a 250 mL Erlenmeyer flask to evaluate the effect of pH decrease on the extraction of heavy metals. HCl (50 mL, 0.1 mol/L) were titrated into the flask containing 1 g fly ash and 50 mL deionized water to decrease the pH gradually. Four other series of chemical leaching tests of 10 g/L fly ash were carried out with citric, oxalic, and gluconic acids at concentrations of 50 mmol/L as well as a mixture of commercial citric, oxalic, and gluconic acids at concentrations equal to the acids produced in the one-step bioleaching process. Experiments were performed in duplicates and under the same conditions as bioleaching.
Analytical methods
To determine the variation of biomass concentration of A. niger in the absence of fly ash, 10 series of incubation experiments were conducted in duplicate using 250 mL Erlenmeyer flasks (i.e., 20 flasks). 1% (v/v) of 6-day-old conidia suspension was inoculated in flask containing 100 mL bioleaching medium. All flasks were incubated at 30°C and 140 r/min. The incubation medium including biomass in one
flask was collected and filtered in each day. The biomass concentration was determined as the biomass dry weight (at 65°C for 24 h) per 100 mL medium. The pH value was determined by pH detector (pHS-3C). The metal concentration was analyzed using ICP-OES (Perkin-Elmer Optima 5300V). The organic acids were analyzed using ion chromatogram (ICS-3000, DIONEX). The method included an IonPac AG11 AS11 column using KOH as the effluent at a flow rate of 1.2 mL/min at 30°C. The signal was monitored by a conductive detector.
Results and Discussion
pH variation
A. niger metabolized organic acids (e.g., citric, oxalic and gluconic acid) by aerobic fermentation using bioleaching medium, and which resulted in a decrease of pH. The variation of pH during the bioleaching process was considered as a significant parameter because of a good correlation (r ϭ 0.985, p Ͻ 0.01) between an increase of biomass and a de- crease of pH ( Fig. 1 ). This result was in accordance with that in Bosshard et al. (1996) where the correlation was 0.96. The increase in biomass concentration and the decrease in pH at the second days also indicated that A. niger was in the active growth phase. Therefore, the fly ash was added to the culture after 2 days of incubation in two-step bioleaching process. Figure 2 showed the variation of pH during the one-step and two-step bioleaching at various fly ash concentrations. The initial pH was increased with the increase of fly ash concentrations both in one-step and two-step bioleaching. In Fig.  2a , the lag phase phenomenon (i.e., an increase or slowly decrease of pH) occurred in one-step bioleaching in the presence of 20 and 40 g/L fly ash, which was due to the adaptation duration of A. niger to the medium containing fly ash. In the presence of 10 g/L fly ash, there was a rapid pH decrease from 6.6 to 3.3 within 216 h without the lag phase phenomenon. The lag phase in the bioleaching of 20 and 40 g/L fly ash was 48 h and 96 h, respectively. After the lag phase, the pH respectively decreased to 3.3 and 5.1. Dissimilarly, no growth of A. niger was observed when the fly ash concentration was 50 g/L and there was no significant change in pH.
As shown in Fig. 2b , the initial pH values in two-step bioleaching were all below 6 due to the organic acids bioproduced by A. niger after 2 days of preculturing. The lag phase did not occur in two-step bioleaching compared to that in one-step bioleaching. It was presumably due to the higher tolerance of A. niger mycelium to toxic fly ash compared to A. niger spores, and the initial pH was more favorable for fungal growth. When the fly ash concentrations were 10 and 20 g/L, the minimum pH values were both attained at 3.03 after 336 h. It was notable that the minimum pH values in the solutions of 40 and 50 g/L fly ash were achieved at 4.9 and 5.4 after 144 h, and then the pH increased slowly until the end of the bioleaching process. The pH decrease represented that the bioproduced organic acids exceeded the demand for converting the metal oxides into soluble salts, while the pH increase was a representative of the consumption of protons. Figure 3 showed that the fly ash had an acid neutralizing capacity (ANC) of 3.24 mmol H ϩ /g fly ash (ANC4), which meant a consumption of 3.24 mmol H ϩ by 1 g of fly ash when the pH achieved 4. The ANC of fly ash resulted in the increase of pH (Johnson et al., 1995) .
Metals extraction yield
The aim of bioleaching process was to extract heavy metals from fly ash into solution as efficient as possible. Figure  4 illustrated the metals extraction yield at the end of bioleaching process in one-step and two-step.
The results indicated that the metals extraction yield in one-step bioleaching was evidently higher than that in twostep bioleaching when the fly ash concentrations were 10 and 20 g/L. The maximum metals extraction yield was attained 
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at 20 g/L fly ash in one-step bioleaching and its value for Cd, Cr, Cu, Fe, Mn, Pb, and Zn was 87.6, 42.1, 69.7, 31.7, 98.7, 36.5, and 68.5%, respectively. At the fly ash concentration of 40 g/L, the metals extraction yield in one-step was comparable to that in two-step bioleaching. As mentioned above, at 50 g/L fly ash concentration, the pH value in two-step bioleaching decreased gradually, which mirrored the organic acids production, whereas there was no fungal growth and a relatively constant pH at the same condition in one-step bioleaching. Therefore, when the fly ash concentration was 50 g/L, negligible metals were extracted in one-step bioleaching, while in two-step bioleaching, the metals extraction yield of Cd, Cr, Cu, Fe, Mn, Pb, and Zn were 32, 9.5, 16.7, 7, 17.3, 15.1, and 19.3, respectively. The results demonstrated that the one-step bioleaching was feasible to extract heavy metals from fly ash at low concentrations (under 20 g/L). However, the two-step bioleaching was suitable for high fly ash concentrations (above 20 g/L).
Variation of organic acids and heavy metals concentrations
As mentioned in previous studies, the bioproduced organic acids by A. niger resulted in the pH decrease, and the acidolysis was the main mechanism in bioleaching process using heterotrophic fungi (Bosshard et al., 1996; Wu and Ting, 2006) . Therefore, it was important to analyze the organic acids for understanding the bioleaching mechanism. This strain of A. niger (AS 3.879) was used to produce citric or gluconic acid for commercial purpose. It had been reported that the kind of organic acids metabolized by A. niger was significantly related with the pH and metals in culture medium (Karaffa and Kubicek, 2003) . Table 3 described the organic acids concentrations at the end of the one-step and two-step bioleaching at various fly ash concentrations.
As results shown, the gluconic acid was the dominant organic acid in one-step bioleaching due to the initial culture conditions (e.g., initial pH and metals in the culture medium) in the presence of fly ash. In one-step bioleaching the maximum concentration of gluconic acid (36.6 mmol/L) was obtained when the fly ash concentration was 20 g/L, and which corresponded to the maximum metals extraction yield mentioned above. At the fly ash concentration of 10 and 20 g/L, the total organic acids concentrations in two-step bioleaching (23.0 and 36.5 mmol/L) was evidently lower than that in one-step bioleaching (35.7 and 43.7 mmol/L), which could also mirror the results of metals extraction yield. A. niger grew in the culture medium with 50 g/L fly ash in two-step bioleaching and metabolized 33.9 mmol/L gluconic acids, compared to no growth in one-step bioleaching. The gluconic acid concentrations in two-step bioleaching of 40 and 50 g/L fly ash (35.8 and 33.9 mmol/L) were comparable to that in one-step bioleaching of 20 g/L fly ash (36.6 mmol/L), whereas, the higher fly ash concentrations caused the lower metals extraction yield in the former. Figure 5 showed the variation of organic acids and extracted metals concentrations in function of time in two-step bioleaching of 10 g/L fly ash. The results indicated that the gluconic acid concentration increased significantly at the beginning of bioleaching. It was noteworthy that the concentration of gluconic acid decreased and that of oxalic acid increased after 48 h, and which was dissimilar to the results in Wu and Ting (2006) , where the concentration of gluconic acid increased until the end of bioleaching. It was presumably due to the difference of A. niger. More study in details about this phenomenon would be carried out in the future.
As shown in the extracted metals concentration profiles in Fig. 5 , the concentration of Fe, Zn, and Pb (metal ions) increased significantly and achieved the maximum values at 48-96 h (66, 11, and 39 mg/L, respectively). The extracted Fe kept relatively constant up to the end of bioleaching. Differently, the concentration of Zn and Pb decreased after 48 h. Bosshard et al. (1996) attributed the decrease of extracted Pb to readsorption of Pb to the suspended fly ash. In addition, the precipitation of ZnC 2 O 4 (K sp ϭ 1.38 ϫ 10 Ϫ9 ) and PbC 2 O 4 (K sp ϭ 8.51 ϫ 10 Ϫ10 ) resulting from the accumulation of oxalic acid also reduced the concentration of Zn and Pb (metal ions) in solution (Xu and Ting, 2004) .
To determine the role of the bioproduced organic acids in the bioleaching process, the chemical leaching experiments were conducted using commercial inorganic (HCl) and organic acids (citric, oxalic, and gluconic acids). In the case of chemical leaching with HCl, the pH decreased from 9.97 to 3.76 because of the titration of HCl. The metal extraction results showed that simply lowering the pH of the leaching system resulted in considerable removal of heavy metals (Fig. 6 ). Figure 6 also exhibited the significant metal removal by using the commercial organic acids as leaching agents. In general, it was found that similar extraction yield was achieved for Cd (80-85%), Cr (23-30%), Cu (78-82%), Pb (58%), and Zn (50-57%) with 50 mmol/L citric and gluconic acids. The low extraction yield for Pb (2.2%) and Cd (9.7%) with 50 mml/L oxalic acid might be due to the precipitation of oxalate. Figure 7 showed a comparison between chemical leaching and bioleaching, using a mixture of commercial citric, oxalic, and gluconic acids at the same concentration of the organic acids produced in one-step bioleaching process of 10 g/L fly ash. The mixture contained 0.1 mmol/L citric acid, 7.2 mmol/L oxalic acid, and 28.4 mmol/L gluconic acid. It was observed that bioleaching gave a relatively higher extraction yield for Cd, Cr, Fe, Mn, and Zn than mix-organic acids leaching. Castro et al. (2000) reported that chemical leaching using citric acid was less effective in the extraction of nickel from garnierite compared to bioleaching by A. niger. Aung and Ting (2005) also showed that in bioleaching of spent fluid catalytic cracking catalyst, bioleaching gave 2.7-20% higher metal extraction efficiency than chemical leaching with commercial organic acids at the same concentration. These results affirmed that secondary metabolites might be included in the bioleaching process (Schinner and Burgstaller, 1989) . However, the differences of metal extraction yield (8-17% in general) between bioleaching and mix-organic acids leaching still examined that acidolysis of bioproduced organic acids exhibited the most important mechanism in the bioleaching process. Furthermore, according to the profiles of gluconic acid and extracted metals, it could be conclude that the gluconic acid offered the main contribution to the metals extraction.
Toxicity characteristic leaching procedure tests
As shown in Table 4 , the TCLP tests results of the fly ash before and after the bioleaching process were compared with the identification standard for hazardous wastes identification for extraction procedure toxicity (State Environmental Protection Administration, 1996) and the standard for pollution control on the security landfill site for hazardous wastes (State Environmental Protection Administration, 2001) set by State Environmental Protection Administration, China.
The concentration of cadmium in the TCLP extract of raw fly ash was found to evidently exceed the regulatory level. In contrast, the concentration of heavy metals was reduced to well below the regulatory limits after bioleaching. Therefore, the fly ash was detoxified through the bioleaching process, and the bioleached fly ash might be disposed of safely or reused in other processes.
Conclusions
Due to the addition of alkali fly ash, the initial pH in bioleaching solution increased with the increase of fly ash. A. (GB 5085.3-1996) .
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c Standard for pollution control on the security landfill site for hazardous wastes, National Environmental Agency, China (GB 18598-201).
FIG. 7.
Comparison of metal extraction yield between bioleaching (one-step) and mix-organic acids leaching at 10 g/L fly ash concentration. The mixture of organic acids contained 0.1 mmol/L citric acid, 7.2 mmol/L oxalic acid, and 28.4 mmol/L gluconic acid as the same concentration of bioproduced organic acids in one-step bioleaching with 10 g/L fly ash. The leaching experiments using deionized water and culture medium were carried out as controls.
niger grew and excreted organic acids, which resulted in the decrease of pH in the bioleaching process. The lag phase phenomenon occurred in one-step bioleaching, which resulted from the adaptive duration of A. niger spores to the culture medium containing fly ash. The increase of fly ash concentrations led to the increased of lag phase. Moreover, the lag phase phenomenon did not occur in two-step bioleaching because spores germinated into mycelium and secreted organic acids after the preculturing of A. niger for 2 days. It was observed that 33.9 mmol/L gluconic acid was generated by A. niger even at 50 g/L fly ash in two-step bioleaching process.
The organic acids concentrations and metals extraction yield in one-step bioleaching were higher than that in twostep bioleaching at the fly ash concentration of 10 and 20 g/L. The opposite results were obtained at the fly ash concentration of 40 and 50 g/L. Therefore, the one-step bioleaching was appropriate for low fly ash concentration, and the two-step bioleaching was suitable for high fly ash concentration.
According to the variation profiles of organic acids and extracted metals concentrations, the gluconic acid was the main leaching agent in one-step and two-step bioleaching processes. In addition, a generally higher metal extraction yield in one-step bioleaching compared to that in mix-organic acids leaching affirmed that secondary metabolites might be included in the bioleaching process other than the acidolysis between organic acids and metal oxides. The TCLP results indicated the fly ash was detoxified through the bioleaching process, and the bioleached fly ash might be disposed of safely or reused in other processes.
